Scaffold-free cell sheet engineering (CSE) is a new technology to regenerate injured or damaged tissues, which has shown promising potential in tissue regeneration. CSE uses a thermosensitive surface to form a dense cell sheet that can be detached when temperature decreases. The detached cell sheet can be stacked on top of one another according to the thickness of cell sheet for the specific tissue regeneration application. One of the key challenges of tissue engineering is vascularization. CSE technique provides excellent microenvironment for vascularization since the technique can maintain the intact cell matrix that is crucial for angiogenesis. In this review paper, we will highlight the principle technique of CSE and its application in tissue regeneration.
Since Langer and Vacanti proposed the concept of tissue engineering (TE) in the 1980s [1] [2] [3] [4] , TE strategy has been widely used in many tissue regeneration fields. This approach was developed in order to restore damaged tissues and organs by implanting synthetic tissue-engineered constructs. TE came about to do away with the challenge of having an organ transplant list. The transplant list has the challenge of the patient's body rejecting the organ or there being a lack of a donor [1] ; to bypass this system it was proposed to instead grow organs using regenerative tissue-engineered implants [1] . The goal of TE is to establish a new clinical technology that makes medical treatments possible for diseases that have been too challenging to be cured by conventional methods [5] .
There are many challenges that TE techniques encounter that need to be improved on such as cell growth [5] , vascularization [6, 7] , biodegradation rate and stress-shielding caused by scaffolds, cellular phenotype changes [8] , biomaterial's immunogenicity [9] and many more. The major challenge in thick tissue regeneration depends on rapid and sufficient vascularization in tissue-engineered constructs, which is a prerequisite for optimal cell survival and integration of implants [7, 10, 11] . The creation of blood vessels is a major obstacle in TE because the vascularization of an organ is important in the survival of that particular organ, by allowing the organ to acquire nutrients and oxygen [6] . When there is poor vascularization, the tissue can undergo hypoxia, nutrient insufficiency and waste accumulation [6] . The other problem that has been encountered is an immunological response to the biodegradable scaffolds. In specifics, the key challenge of bone TE is vascularization. The lack of vascularization causes necrosis and limited nutrients in the implants [7, 10, 11] . The vascularization of the bone implants is highly required to promote the formation of new bone tissue in vivo, which this challenge can be overcome with the development of new techniques and more research [12] .
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ing the cell sheets it is important for the cell sheets to be able to successfully form capillaries and to continue to form capillaries where it is needed for the oxygen and nutrients to be provided for the host tissue [14] . CSE is an alternative way to improve a major issue of biodegradable scaffolds, which have no bioactive ECM sites for cell proliferation. For specific tissues, the cell sheets can be transplanted into the host with no need of sutures [1] . This is important in the technique not to need sutures because that can add other complications when implicated and the lack of sutures allows the cell sheet to have cell-to-cell communications undisrupted [6] .
The ECM and cell sheets can be noninvasively harvested and directly transplanted because of the use of temperature responsive culture dishes [1, 6, 24] . CSE is a useful technique applied to many different tissues such as heart, liver, cornea, bladder, esophagus and bone to name a few that will be reviewed in this paper.
Applications of CSE

Heart
The heart is a vital organ in the body and can have many complications from heart failure or other heart diseases. The regeneration of cardiomyocytes is a major topic because the cardiomyocytes lose the ability to proliferate quickly after birth [19, 25] . There are many types of cells that have been used in combination for the closest structure of a heart, for example skeletal myoblasts [26] [27] [28] [29] [30] [31] , mesenchymal stem cells (MSCs) from adipose tissue [32, 33] , and cardiomyocytes to name a few [19] .
The cell sheets for the cardiac tissue are layered with multiple sheets and in a 3D fashion ( Figure 2B ) [1, 13] . The cell-to-cell communication is highly important in the cardiac cell sheet because the sheets are thicker and, therefore, are needed to work at an optimal level. In another part, the ECM is an important part of the cell-to-cell connections to improve the connection in between the layers of cells [6] . This approach for cardiac cells is a more useful process because it allows for the cell sheets to be directly layered on top of each other and bind to the host directly and the cell sheet will create gap junctions through the whole cell sheet, which in the use of a scaffold cannot occur [1] . With the layering of cell sheets the focus is on being able to fully vascularize the cell sheets in implantation and have cell-to-cell connections. The vascularization of cell sheets on multiple sheet layers has been shown on vascularized beds but more research is continuing [19] . The challenge in this approach of multilayers with vascularization is that the cell sheet is fully dependent on the capillaries that are formed in cell sheet tissue [14, 34] . Even though it was found that the endothelial cells form capillaries spontaneously, it was future science group
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Liver
The liver is an important organ in the body by taking part in protein synthesis, metabolism and detoxification [19] . The liver cell sheet approach is developed as a multilayer and formed in a 3D structure ( Figure 2C ). The hepatocytes are the cells used in this technique and high oxygen demanding cells; therefore, the cells can undergo ischemia more often than other types of cells [19, [36] [37] [38] . The vascularization of the hepatocytes is important to the cell sheet because of the need of the exponential amount of oxygen for cell growth.
The basic FGF showed improved prevascularization in the hepatocyte sheets by layering the growth factor between the cell sheets and then transplanting the structure [19] . The challenge is not being able to apply the technique to a large-scale cell proliferation [19] .
Cornea
The cornea is the visual part of the eye and if damaged, it can impair the vision of a person. This damage can occur in many ways from abrasions or other harmful substances in the eye. The oral mucosal epithelial cells are used for the cell sheet of the cornea epithelium because it is a better representation of the native corneal epithelium [1, 39] . The CSE technique is useful to this tissue because the temperature respon- At 37°C the cells attach to the surfaces that are hydrophobic and at lower than 32°C the cells detach from the hydrophilic surface. Below 32°C the poly(N-isopropylacrylamide) are rapidly hydrated and are nonadhesive because the surface changes from hydrophobic to hydrophilic. (B) Cells connect to each other by cell-to-cell junctions and ECM; when enzymatic enzymes are introduced to remove cells from the surface, these cell-to-cell junctions and ECM are disrupted. This is not the case for the temperature-responsive culture surface which is able to preserve the cell-to-cell junction and ECM. ECM: Extracellular matrix. Reprinted with permission from [6] . future science group
Review Moschouris, Firoozi & Kang sive polymer is easier to manipulate the transfer of the culture dish than using proteolytic enzymes, which degrade the cells and the ECM [40, 41] . The technique of CSE is made with a single cell sheet layer ( Figure 2A ) [1] . The single cell sheet is able to attach to the surface of the host cornea quickly without the use of sutures [1, 14, 41] . By using this technique, it makes the cell sheet less fragile because it is held with cell-to-cell junction and ECM proteins [40] , and avoids the need for carrier substrates [1] . The technique has also shown that without having to use the proteases or scaffolds the cell density is still high [40] .
The corneal epithelium cell sheet shows vascularization on the peripheral portion of the cornea but not in the center [42] . This is beneficial to the technique to improve the vascularization of the entire transplant. The technique has to focus on expanding the vascularization of the cornea to make the cell sheet more like the host.
Bladder
The bladder is a hollow and contractible muscular organ that is constructed of urothelial cells for the implantation of the bladder cell sheet. The cells are able to spontaneously attach and have adhesive properties, which is why there is no need for suturing or fixing [13, 43] . For this technique a biopsy is taken from the bladder and grown in culture into the urothelial cell sheet. There are problems with the implantation of the cells with the side effects of lithiasis, urinary tract infection and electrolyte imbalance [13] . In another experiment using smooth muscle cell (SMCs) sheet for sheet engineering, SMCs were combined with a scaffold to increase the vascularization of the bladder. The use of SMCs is for the contraction of the bladder. On another note, the conventional enterocystoplasty showed complications in the body, which is the reason to find better techniques and the cell sheet technique was then applied to form a better bladder function.
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There are many complications that are involved in developing the function of the bladder with it being able to contract and stretch properly. The urothelium cell sheet is useful for the attachment because of the use of the ECM in combination with the SMCs [43] .
Esophagus
Compared with the progress of heart, liver and cornea tissue regeneration, using cell sheets to regenerate injured or resected esophagus started recently. Currently surgical resection is a main method for esophageal cancer treatment. After tumor resection, damaged esophagus causes stricture, ulcerations and function loss in some patients [44] . CSE technology has shown promising ability to prevent stricture formation following endoscopic submucosal dissection and to improve patients' quality of life [45] . Ohki and colleagues used patients' autologous oral mucosal epithelial cells to produce tissueengineered autologous oral mucosal epithelial cell sheets for preventing the formation of strictures after endoscopic submucosal dissection. They cultured epithelial cell sheets ex vivo for 16 days on temperatureresponsive cell culture surfaces. After they detached the cell sheet by a reduction in temperature, they endoscopically transplanted directly to the ulcer surfaces of esophagus. Results showed that the damaged surface of esophagus obtained complete re-epithelialization after 3.5 weeks of implantation. No complications following the procedure occurred in the patients, which shows the promising potential of the tissue-engineered cell sheets [45] . Stratified epithelial cell sheet grafts from autologous oral mucosal epithelium showed the ability to stop stenosis and inflammation, and also promoted the reconstruction of esophageal luminal surface. These transplanted cell sheets could secrete cytokines and growth factors, which will dramatically promote wound healing and decrease host inflammatory responses [45] [46] [47] [48] .
On the other hand, the vascularization is one of the important factors for tissue regeneration after esophageal resection in cancer treatment. Currently long-gap esophageal defects are often repaired by the upper GI tract, gastric pull-up or interposition grafts using either jejunum or colon to restore organ continuity [49] . However, poor vascularization at the anastomosis site will decrease the cervical esophagogastrostomy healing. So, to repair the resected esophagus, the vascularization of the gastric tube should be improved. CSE technology provides the potential to solve this problem by building new muscle tissue around mucosa-submucosa cell sheet layers. The idea is to allow vascularization to occur at the region where the mucosa meets the smooth muscle. In this case, the ability of blood vessels to reach the basal layer of the submucosa should be at reasonable distance [50, 51] .
This new cell sheet technology integrated with endoscopic technology has created a new therapy for treating patients with esophageal disorders, which has brought tremendous potential for clinical application.
Bone
Bone is highly vascularized due to the osteoblasts calcified matrix and induces capillary formation [52, 53] . Bone has to be highly adaptable for survival in the human body because it is exposed to dynamic external environments regularly [54, 55] . The skeletal system could undergo birth defects, trauma, disease, and other problems and TE has played a role in bone regeneration or substitution [56] . Bone TE field faces challenges such as the lack of sufficient vascularization at the bone defect sites [12] .
The cell sheet technique improves the challenges of vascularization that are faced with other techniques because thin layers in the cell sheet are able to spontaneously form capillaries and therefore it can be applied for the vascularization of tissue-engineered bone grafts. The vascularization of CSE is critical because without the vascularization of the tissue the implant will not be able to grow or last in the body. The problem with the approach, specifically with the scaffolding approach, is that the structure is unable to become as vascularized as the normal tissue. In the body most of the tissues have blood vessels that form into capillaries to supply the tissue with nutrients and oxygen [11] . Most tissues do not diffuse nutrients and oxygen across the blood vessels from a distance, which means the blood vessel system has to have an optimal distance to supply nutrients and oxygen to the tissue, this optimal distance is 200 μm [56] . This has shown that TE is successful with avascular tissue but for TE to be successful to larger tissues vascularization must occur in the implant [57] . Vascularization has a major effect on how the cells communicate, function and survive [58] . Without blood supply, cells will not survive without oxygen, other nutrients and the ability to disposal of waste, which will be a problem in large tissue-engineered constructs [6] . The major challenge to vascularization is the thickness of the tissue formed [7, 10, 11] . For optimal growth the tissue needs rapid and sufficient vascular networking [19] .
A way to overcome the challenge of vascularization is to create prevascularized structure by having vessel-like microchannels in a scaffold-based matrix to facilitate vascularization which should improve the nutrient and oxygen supply to large synthetic scaffolding grafts [59] [60] [61] [62] . There are many approaches that have been created to facilitate vascularization such as future science group Review Moschouris, Firoozi & Kang layer-by-layer assembly [59, [63] [64] [65] [66] , 3D sacrificial molding [67] [68] [69] , bioprinting [70] and photolithography [71, 72] . As well as in the CSE technique, prevascularization has been proposed to circumvent vascularization of 3D grafts [73, 74] .
Mendes et al. experiment showed that the vascular network of osteogenic tissue was improved through the formation of prevascularized blood vessels with the combination of endothelial cells [74] . They used the technique of CSE. Their results showed that CD146-positive blood vessels have a higher blood vessel diameter, which helped the stability and maturation of the prevascularized cell sheet [74, 75] . Prevascularization has helped the problem of vascularization after implantation by decreasing the amount of time for vascularization to occur in the implant (Figure 3 ) [74] . This technique was shown to improve the vasculature of the cell sheet. In addition to this experiment, Ren et al. prevascularized a 3D cell sheet [7] . The use of human umbilical vein endothelial cells (HUVECs) seeded on human bone marrow-derived MSCs (hMSCs) sheet promoted the prevascularization of the structure and the anastomosis with host blood vessels. It was shown that by prevascularizing the 3D structure the blood vessels formed a higher density in comparison to no prevascularization of the 3D structure [7] . The experiment showed that prevascularization of cell sheet structure is important to promote the vascularization when in vivo (Figure 4 ) [7] .
The connection of vascularization and bone formation is linked in bone healing [58] . In an experiment done by Zhang et al., the cell sheet used was based on the endothelial progenitor cells to test the vascularization and osteogenic effect. It was shown that with introducing the endothelial progenitor cells on the cell sheet, it improved both the vascularization and bone formation in vivo [76] .
For the vascularization of tissues implanted, some groups have combined the two techniques of CSE and biodegradable scaffolds to improve the vascularization. The increase of vascularization is important and can be done in a unique way. The experiment Kang et al. performed was combining the two techniques, CSE and scaffolding, to produce a higher level of vascularization. The experiment was designed with three testing groups and one control group. The scaffolding used was a biodegradable porous beta-tricalcium phosphate which was present in all the groups tested. The first group was wrapped with osteogenic hMSC sheet and then with HUVEC seeded on to undifferentiated hMSC sheet. The second group was wrapped with HUVEC seeded on to undifferentiated hMSC sheet and then with osteogenic hMSC sheet. The third group was a nonprevascularized undifferentiated hMSC sheet and then the osteogenic hMSC sheet while the fourth group only contained the beta-tricalcium phosphate scaffolds ( Figure 5 ) [77] . The grafts were implanted in mice and removed after 2, 4 and 8 weeks. The main The application of cell sheet engineering in the vascularization of tissue regeneration Review point of this process was to find if cell sheets with the strength of the scaffold would be able to promote vascularization and have osteogenic potentials, because there are still challenges with the vascularization and osteoconductivity to produce healing on large bone defects [78] [79] [80] . The results of the experiment showed that the two layers of cell sheets added to the scaffold did promote vascularization, while they were prevascularized. The prevascularized cell sheets showed improvement of blood flow and the vascular system of the mouse in vivo. With the hematoxylin and eosin staining showed the results in the experiment of the prevascularized cell sheet showing blood vessel growth and formation compared with the group with only the scaffold, but all of the vascularized declined in all groups after a certain period of time.
In addition to combining two techniques, Ueha et al. used scaffolding and the cell sheet technique to test the growth of bone in large bone defects and an application for the experiment included osteonecrosis [81] . Three groups were formed to test if cell sheets would promote bone formation and, therefore, the function of bone growth vascularization is required. The three groups were: the first group consisted of bone marrow stromal cell (BMSC) and tricalcium phosphate (TCP) scaffold, the second group encompassed TCP scaffold and osteogenic matrix cell sheet, and the third group consisted of TCP scaffold, osteogenic matrix cell sheet and bone marrow stromal cell. The results showed that the third group had a better osteogenic potential compared with the second group, then followed by the first group. The two groups with the cell sheet showed a higher osteogenic potential, which causes a greater bone formation and helps from forming osteonecrosis [81] .
Prevascularization is a key process in CSE to promote vascularization of the synthetic bone tissue. A study was done by Ren et al. to promote vascularization of cell sheets. The purpose of the experiment was to use two different layers in the cell sheet approach. The inner layer was seeded with HUVECs on undifferentiated hMSC sheet and the outer layer was osteogenic by inducing osteogenic differentiation of hMSCs. These two layers were wrapped around a rod shape to mimic an induced membrane, prevascularized and nonprevascularized dual layers. The results to the experiment were as follows: that the prevascularized biomimeticinduced membrane quickly anastomosed with the host vasculature, while the nonprevascularized cell sheet did not. The prevascularized biomimetic-induced membrane is important in vascularization, functional anastomosis and osteogenesis in vivo, therefore shows promise to treat large bone defects [73] .
As previously discussed the prevascularization of cell sheets is a supported technique and an advantage to the vasculature of the cell sheets in vivo. The other techniques of implementing growth factors also help support the vasculature growth in vivo. The ability to transfer nutrients, waste and ions which allows the bone to grow, develop and remodel is dependent on how vascularized the bone tissue is [82] . Recently, other technologies have been explored to further broaden the potential application of cell sheets for thick tissues. Sakaguchi et al. developed a perfusion bioreactor to corporate collagen microchannels or a vascular bed with stacked cell sheets for the vascularization of thick cardiac constructs [83, 84] . They found that medium flew into the cell sheets through the microchannels to form new capillaries. These new technolo- Reprinted with permission from [7] © Hindawi Publishing Corporation (2014). gies showed that 3D perfusable tissues could be established by CSE. CSE brings new potentials to construct 3D-vascularized tissues, which may be applied to treat diseases and tissue model construction [85] .
Conclusion
The cell sheet technique has been applied to many different types of tissues including heart, liver, cornea, bladder, esophagus and bone. CSE is a promising technique to help with in vivo vascularization from the cell sheets able to directly attach to the host tissue and incorporate its ECM and growth factors to expand the vasculature network. In bone tissue regeneration, vascularization is important to suffice the growth and development of tissues being grown. In particular, the vascularization of bone tissue was discussed in great detail on improvements with the technique of CSE and how to better improve those techniques in the future. Discussed previously was how to prevascularize the cell sheet before implementing the tissue into the host and that different cells on the cell sheet can help in the promotion of a vascular network.
In CSE there are a few variable techniques to improve the vascularization but the number of cell sheets is limited by the thickness [7] . This happens due to the complications when the cell sheet has too many layers upon each other showing the cells going through hypoxia and ischemia. The remaining problem with CSE is that it is newly explored for bone TE. It still needs more studies to improve the vascularization of cell sheets for bone tissue regeneration. In implantation, the cell sheet may not repair large bone defects due to weak mechanical support. Future studies may need to focus on how to improve the mechanical properties through combining scaffolds or other synthetic grafts, thus further widening the application of CSE in tissue regeneration.
Future perspective
Developing reproducible and cost-effective cell sheets can provide favorable long-term vascularization for tissue regeneration. Undoubtedly, cell sheet technology has a promising potential to make more functional vascularized cell sheet that can provide transplantable tissues with a high metabolic-rate like in the kidney and heart. The cell sheet method can be used for many different kinds of tissue and organ structures. Additionally, 2-and 3D structures of CSE will create great progress in the next-generation of regenerative medi- The application of cell sheet engineering in the vascularization of tissue regeneration Review cine and TE. The combination of cell sheet technology with other techniques such as scaffolding, microfluidics or nanomedicine will bring promising potential to regenerative medicine.
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This work is licensed under the Attribution-NonCommercial- • One of the key challenges in tissue engineering is vascularization.
• Cell sheet engineering (CSE) is based on a temperature-responsive culture dish which is covalently grafted with thermosensitive polymer poly(N-isopropylacrylamide). A dense cell sheet formed on a thermosensitive surface can be detached when the temperature decreases.
The application of cell sheets in tissue vascularization
• Cell sheets can be easy to shape into different structures for different applications of regenerating new tissues, such as heart, liver, cornea, bladder, esophagus and bone.
• Cell sheets for the cardiac tissue are layered with multiple sheets in a 3D fashion.
• The liver cell sheet approach is developed as a multilayer and formed in a 3D structure.
• The cornea is the visual part of the eye and if damaged, it can impair the vision of a person. CSE shows the potential to regenerate the cornea.
• Urothelial cells from a bladder can be used to grow urothelial cell sheet for tissue regeneration.
• Cell sheet technology integrated with endoscopic technology has created a new therapy for treating patients with esophageal disorders, which has brought tremendous potential for clinical application.
• Bone is highly vascularized tissue. Prevascularization is a key process in CSE to promote vascularization of the synthetic bone tissue.
Clinical potential of CSE in tissue regeneration
• CSE technique provides excellent microenvironment for vascularization since the technique can maintain the intact cell matrix that is crucial for angiogenesis.
• CSE is a promising technique to promote in vivo vascularization from the cell sheets able to directly attach to the host tissue and incorporate its extracellular matrix and growth factors to expand the vasculature network for tissue regeneration.
